Objective-To compare the biomechanical properties of 3.5 locking compression plate (LCP) fixation to 3.5 limited contact dynamic compression plate (LC-DCP) fixation in a canine cadaveric, distal humeral metaphyseal gap model in static axial compression and cyclic axial compression and torsion.
fractures, but the extensive post-operative care necessary and the fragility of the exposed hardware make this method of fixation perhaps less consistently suitable for small animal patients. Interlocking nails are very useful if the anti-rotational screws or studs can align with solid bone, but this is a rare occurrence in metaphyseal fractures, rarer still if the fracture happens to be comminuted. Arguably, the best chance of success in veterinary cases with comminuted, metaphyseal fractures currently lies with plates or plate/rod combinations. Unfortunately, conventional plating has inherent deficiencies when applied to this type of fracture. 1 Currently used orthopaedic plates (dynamic compression plates (DCP), limited contact dynamic compression plates (LC-DCP), etc.) must be solidly compressed to bone. This compression, accomplished by screw tightening, must be such that the frictional force generated between plate and bone is sufficient throughout healing to withstand all loads not supported by the bone itself. To help achieve this compression, plates are contoured to match the bone surface. The increased contact, however, comes at the expense of the periosteal blood supply. 2 Inadequate quantity or quality of bone stock such as found in metaphyseal or comminuted fractures, or in the immature or geriatric patient, often prevent appropriate compression as well as maintenance of reduction, both during the repair and later, during loading. As a result, conventional plating repairs in these situations are often tenuous. A new plating system with inherent stability stemming from the screw head/plate interface however may obviate some of the shortcomings in these types of fractures and ideally ensure a more substantial fixation.
B: Novel Alternative: LCP Introduction
Human orthopaedists have been enjoying the benefits of locking compression plates (LCPs) since their introduction eight years ago 3 , and veterinary surgeons are beginning to take notice. This plating system differs from conventional ones in that threads on the head of locking screws match those tapped during manufacturing in the plate holes; locking occurs once the screw heads are tightened into the plate. Please see Figure 1 . The plate/screw interface creates a rigid construct with angular and axial stability. The plate is laid on the bone instead of being compressed to it. The periosteal blood supply is then preserved, and contouring no longer must be anatomic. This latter benefit equates to a less aggressive surgical approach as well as decreased concern over loss of reduction during fixation or loading. The additional stability may also allow for engagement of fewer cortices per fragment, making locking plates particularly suited for metaphyseal and comminuted fractures and in situations where only one cortex is available. [4] [5] [6] Though locking technology may prove beneficial for the management of such A plating system that could incorporate the advantages of biological osteosynthesis (callus formation through minimal but appropriate amounts of relative motion, vascular and soft tissue preservation) but could also be used in plating osteosynthesis applications would allow a surgeon an intra-operative choice of techniques without having to maintain two plating systems. Such a system would also be useful for those fractures that called for a synergy of both management schools. The LCP is such a system. A conically threaded plate hole was merged with the dynamic compression unit of an LC-DCP to form a combi-hole. Locking screws can be placed through the more than 200 degree threaded section of this hole to provide angular and axial stability. Nonlocking screws can be placed through the DCU portion of the hole to create interfragmentary compression or be used in lag fashion, and can be angled similarly to screws in conventional plates. 7, 8 Please see Figure 2 . cycles and sustained a greater maximum load at failure than identical plates with non locking screws. 15 One of the few studies to test torsional resistance showed three part proximal humeral fracture constructs stabilized with an LCP proximal humeral plate had higher initial torsional stiffness, were more resistant to cyclic torque (four of six pairs), or had decreased maximum rotation after 10,000 cycles than non-locking angled plates. 
C: Literature Review of Biomechanical Testing
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Another study found increased rigidity of cervical constructs stabilized with either of two locked plates compared with the same plates with non-locking screws or a conventional non-locking unicortical plate both initially and after cyclic testing in extension and flexion. Furthermore, unlike the two locked constructs tested, the rigidity of all unlocked constructs decreased significantly after cyclic loading. 18 Other reports substantiate biomechanical similarities between locking and conventional plate fixation suggesting that the biological advantages offered by the locking plates make them preferable. When testing locking versus non locking mandibular plates in four point bending, Chiodo et al found no statistical significance between groups in either the force at failure or the mechanism of failure and suggested that bone quality and surgical technique have more affect on type and degree of failure than whether the plate has locking characteristics. 19 Biomechanical similarities (yield and load at failure) were also found by Trease et al. between locking and non-locking Tplates applied in either a dorsal or volar orientation when loaded axially. 20 A recent paper described a comparison of distal fibular fractures stabilized with a locking plate and two distal unicortical screws to ones repaired with conventional plates and three distal unicortical screws. 21 This group found no difference in initial torsional stiffness, torsional stiffness over 2000 cycles or final torque to failure between the two constructs, thereby concluding that locking plates allow fewer cortices per fragment to be engaged.
D: Initial Clinical Results
Initial clinical outcomes with and results of testing of locking plates were promising. A retrospective study of 387 individual uses of locking plate technology in human patients revealed no instances of implant failure, a low incidence of infection, and healing that was observed to be similar to that seen with external fixation. 22 Another group which followed 151 fractures repaired with LCPs for one year lauded the complete absence of implant-related complications and remarked how well suited these plates were for difficult fractures where bone stock was unavailable or unsound. 3 Another locking plate system, the Less Invasive Stabilization System (LISS), was associated with similarly low infection rates in humeral fractures in people. 23 The authors of these reports cite the inherent stability of these plates and the preservation of the periosteal blood supply afforded by that stability as reasons for the benefits seen.
A few papers can be found discussing clinical impressions on the use of locking plates in small animal orthopedics. [24] [25] [26] Keller et al. reported on the use of the Compact Unilock 2.0/2.4 system in nine cases that were characterized by long bone fractures, cervical spinal fractures and instabilities, and joint instabilities and luxations. 24 The successful use of the Compact Unilock system to promote ligamentous and articular healing bolstered earlier work using this system for tarsal instability. 25 
B: Materials and Methods
Experimental Design
Thirty pairs of cadaveric canine humeri from medium to large breed dogs were obtained. Ages of the animals were not available, but the mean weight of the dogs was 21.5kg (range 13 -28.6kg, standard deviation 4.5kg). After harvesting the limbs, the stripped bones were radiographed in orthogonal planes to ensure skeletal maturity (closed physes) and absence of pathology. The thirty pairs were randomly grouped into three sets of ten pairs corresponding to the three testing modes (set 1 -monotonic axial compression to failure, set 2 -cyclic axial compression, and set 3 -cyclic torsion) and were then fresh frozen at -20C. One set at a time was gradually thawed at room temperature over 24 -36 hours before being plated, potted, and subjected to the respective testing. During plating, one humerus from each pair was randomly assigned to be plated with a 7 hole 3.5mm stainless steel LCP 1 ; the contralateral humerus was plated with a 7 hole 3.5mm stainless steel LC-DCP 2 The distal plate hole was consistently centered over or just proximal to the medial epicondyle on all constructs. The LC-DCPs were anatomically contoured to the medial/caudomedial aspect of the bone while minimal contouring resulted in a gentle curve placed in the LCPs to maximize bone/plate contact, particularly at the most proximal and distal extents of the plate. The LCPs were not contoured anatomically so as to test this reported benefit of locking plates. 7, 19, [31] [32] [33] Locking screw drill guides were hand tightened into the necessary plate holes of the LCPs after the plate was positioned to ensure that the 2.8mm diameter holes drilled into the bone would be aligned with the plate hole. Self-tapping, cortical 3.5mm locking screws were placed through both cortices in the distal two and proximal three LCP holes and were power tightened to 1.5N-m using the manufacturer supplied torque limiting device per manufacturer's recommendations. 34 Please see 
Mechanical Testing
Axial compression tests were performed on a servohydraulic material testing machine c in load control. The first ten pairs of humeri were tested in axial compression until catastrophic failure; failure was defined as the first point of major discontinuity in the load versus displacement curve caused by bone fracture or implant failure. After an initial preload of 0.4kg was applied, compression was initiated at 5mm/min with data capture set at 10Hz. Load versus deformation curves were generated. Stiffness, defined as load per displacement in the elastic region of the curves, and ultimate strength, defined as the load at which additional deformation did not require additional load, were evaluated. Qualitative descriptions at failure were noted. For the second ten pairs, the load was set to vary between 20 and 1470N sinusoidally at a frequency of 2Hz for 10,000
cycles. These inputs were a result of pre-testing experiments performed on one sample pair. Maximum and minimum absolute positions and force data were captured for every cycle. In addition, load deformation curves were captured every 3000 cycles. Total subsidence, deformation per cycle, and stiffness per cycle were evaluated. The number of revolutions needed to tighten locking screws to 1.5Nm and conventional screws to subjective pre-testing tightness (if possible) was recorded. The last ten pairs of humeri were fastened to a torsional servohydraulic testing frame 5 through the proximal and distal jigs. This machine was set in displacement control to cycle at 0.5Hz with an amplitude of +/-15degrees, as the strength of the feedback signal and the control settings of the actuator at these low loads precluded the use of this machine under load control. Torque versus angular deformation data were collected at 100Hz over 500 cycles, and the resulting torsional stiffness versus cycle curves were evaluated. As in the prior dynamic test, pre-testing experiments performed on one sample pair guided the choice of these values. Torsional stiffness was defined as the slope of the elastic portion of the torque versus angle curve. Qualitative assessments of the constructs post testing were compared and included screw tightness, and mode of construct failure if applicable.
Statistical Analysis
An initial power analysis was performed based on torsional data previously reported for 3.5 LCPs. 10 It was found that nine pairs of cadaveric bones would be needed per test to able to detect a 200degree/m mean paired difference in twist with a power of 82%.
For static and cyclic axial loading, differences between each pair of humeri (one assigned to the LCP grouping and the other to the LC-DCP grouping) were computed, and normal probability plots generated to check if the data had a Gaussian distribution.
Subsequently, a paired mean difference (with a 95% confidence interval) was computed, and a paired t-test applied to test the null hypothesis that the LCP constructs were not significantly different from the LC-DCP constructs. Torsion testing data were modeled using mixed models analysis of variance with plate type and cycle (every 20 th cycle up to a maximum of 500) as fixed effects and pair of humeri as the random effect. The level of significance was set at alpha = 0.05. All analyses were performed using SAS (version 9.1.3 service pack 4, Cary, NC). No consistent mode of failure was noted in the LCP constructs. Four LCPs failed by bending, four LCP constructs failed when the proximal screws cut through the proximal bone fragment, and two LCP constructs failed when the distal screws cut through the distal bone fragment. Eight LC-DCP constructs failed by subsidence of the distal fragments likely primarily from pull out of the distal screws, one construct failed by severe bending of distal screws, and the last construct failed by bending of the proximal screws. All locking screws appeared fully seated prior to testing.
C: Results
Static Axial Compression
Cyclic Axial Compression
When cyclically loaded in axial compression, the mean stiffness of the LCP constructs over the course of testing was significantly less than that of constructs There were no observable indications that this screw was not fully locked. No significant difference in outcomes was appreciated by excluding this data, and as proper protocol had been followed during the plating and potting procedures for this sample, it remained in the set. Careful visual inspection of the remaining LCP screw heads of this set revealed three other constructs, each with one screw (the most distal of the proximal fragment in one and the most proximal of the distal fragment in two), where a portion of one thread was still visible. As above, the torque governor prevented any further tightening of these screws and all indications pointed to these screws being fully seated and locked.
Movement in the LC-DCP constructs was consistently noted as elastic deformation of the plate at the gap. In those constructs that experienced screw loosening (8/10), the proximal of the distal screws was loose in 75% (6/8) of the constructs and appeared looser than other screws when additional screw loosening was present. Screw loosening occurred more in the most distal of the proximal screws in one construct and in the most distal screw in the last construct compared to other screws in those constructs.
The remaining two constructs showed no screw loosening.
Cyclic Torsion
Constructs stabilized with LC-DCPs showed significantly greater resistance to torsion over 500 cycles than those stabilized with LCPs (P<0.0001). Please see Figure 6 . Similar to the dynamic axial testing, one screw in one of the torsion constructs appeared incompletely seated by two threads, and two additional screws in two more constructs subjectively appeared not to be fully seated with at most one thread visible above the surface of the LCP. All three screws were positioned in the proximal hole of the distal fragment. Further tightening of all of these screws was prevented by the torque limiter. Exclusion of the construct in which two threads were visible made no difference to our results, so it remained for subsequent calculations. Exclusion of all three constructs would have severely limited the power of our analysis, and as our application protocol had not differed during the plating of these constructs, they remained in the analysis. All constructs exhibited screw loosening, screw breakage, or both. Five LCP constructs exhibited screw breakage with four of these failures occurring in the distal fragment (the distal screw alone in two, the proximal screw in one, and both screws in one) and one occurring in the proximal fragment when both distal screws failed. The bone cracked proximally in two LCP constructs. The remaining three LCP constructs exhibited screw loosening only with at least one of the distal screws requiring at least one revolution post-testing to achieve 1.5Nm. The proximal screws in these three constructs were tightened less than one quarter of a revolution before reaching 1.5Nm. Interestingly, the screw that appeared incompletely seated by two threads exhibited no loosening.
Five LC-DCP constructs had one screw break each; three of these were the distal screw in the proximal fragment, and the remaining two occurred in the distal fragment (one proximally, one distally). Three LC-DCP constructs required more than one turn of the distal fragment screws to tighten whereas the other two LC-DCP constructs required more than one turn of at least one of the proximal fragment screws to tighten and the distal fragment screws were less than a quarter turn loose.
D: Discussion
It was our hypothesis that in a comminuted metaphyseal fracture model, constructs stabilized with LCPs would be as stiff as those stabilized with conventional LC-DCPs when subjected to static axial and dynamic axial and torsional loads. Though it proved valid in monotonic loading to failure, our hypothesis was not substantiated in the two dynamic tests, as constructs stabilized with the LC-DCPs demonstrated significantly greater stiffness than their locked counterparts over the course and at the end of all cyclic testing.
Static Load to Failure
Results of our static axial compression tests supported the hypothesis that LCPs provide greater stiffness than similar non-locking plates. This is in agreement with recent work in which the only notable difference from our protocol was the use of a double plating arrangement. 12 The reason for this rigidity can be attributed to the interface between the screw head and locking plate that transfers axial loads through the screws to the bone. In comparison, once the frictional force at the plate-bone interface in nonlocking plates has been overcome, a shear force is created at the screw-bone interfaces as the screws begin to toggle. As bone is better able to resist compressive stress than shear stress, the greater stiffness of locking plates may be explained. 4 The absolute load at failure and the manner of failure must be borne in mind when considering the finding of similar ultimate strengths of the LCP and LC-DCP constructs in axial compression. The force necessary to cause failure in this model was roughly 26-28 times the average body weight of the dogs whose humeri were used in this study. The clinical significance of a construct reaching failure at such a supra-physiologic force is unknown. Secondly, of the nine locking constructs that experienced catastrophic failure, 66% failed precipitously by cut through of the bone with continued angular stability of those screws which experienced the cut through, while the remaining three constructs failed by gap closure secondary to plate deformation. In comparison, 90% of the nonlocking constructs failed by gradual plate subsidence subsequent to screw pull-out and bending, and possibly plate bending. Gap closure was greater than 10mm in all of these constructs. These findings indicate that prior to failure (which occurred at supraphysiological levels), locking constructs maintained their rigidity. On the other hand, the LC-DCP constructs experienced near continuous deformation at sub-failure load levels.
Clinically, this may translate to a greater risk of delayed or non-union with the LC-DCPs due to movement at the fracture gap.
Cyclic Loading
Results of our dynamic testing showed that constructs stabilized with the LCDCPs were stiffer in cyclic axial compression and cyclic torsion than those stabilized with the LCPs. Though dissimilar results have been reported for cyclic torsional 11, 16, 21 and cyclic compression 13 testing, the only group to have used a small animal fracture gap model reported similar findings from their torsion testing 10 . Different loading applications, experimental set-ups, implant types, construct materials, and fracture models make direct comparisons between our work and that cited difficult.
The authors' decision not to contour the 3.5 LCPs anatomically resulted in a plate-bone offset and less screw purchase in the distal fragment. We believe these factors, coupled with a small number of possibly partially seated locking screws, likely contributed to the locking constructs inferior stiffness during the cyclic testing.
Offset
The decision to forego anatomic contouring of the LCPs was based on recommendations to maintain an offset 5, 7 , on other work which allowed an offset provided soft tissue closure wasn't compromised 33 , and on reports which specifically looked at the affects of offset and concluded that a small offset was allowable. 13, 31, 36 Therefore, the LCPs were contoured so the most distal and proximal screw holes lay adjacent to the bone, but no effort was made to ensure that the remainder of the plate contacted the bone. This led to at least a minimally apparent offset in all locking constructs, most noticeable under the second most distal screw hole. Please see Figure 7 .
Two main explanations are offered as to why this offset may have resulted in the decreased stiffness observed in the locking constructs: a lower area moment of inertia and the combination of decreased support of the implant by the bone coupled with an increased moment from a larger lever arm. Just as the stiffness of external fixators has been shown to be inversely proportional to the distance between bone and connecting bar, increasing offset may decrease the area moment of inertia of the construct and result in a decreased resistance to loading. 37 Secondly, any offset introduced between the plate and bone will cause any force applied through the plate to act through the moment arm of the exposed screw and result in a moment or torque about the cis cortex. 36 The addition of this force coincides with the loss of the buttressing effect of the bone on the portion of the screws within the offset and the underside of the plate. Because of the increased levering force and without a supporting reactive force, the unsupported portion of the shank of the screws, the threads at the screw-plate interface, and the offset plate itself experience more stress and are susceptible to greater deformation than if no offset were present. Please see Figure 8 . Cyclic deformation could then lead to screw loosening/unlocking, particularly at the threads of the plate hole, which are more prone to deformation than if they completely encircled the screw head. Greatest screw loosening would then be expected where the greatest cyclic displacement occurred. This was seen in our data as the proximal of the distal screws, where the offset was consistently greatest, was the screw most often and most severely loosened.
The LCPs in our study were contoured to allow an offset, but due to the metaphyseal nature of our constructs and to more closely simulate the clinical scenario, the offset was not rigidly controlled. Based on subjective estimates by all four researchers, it is likely that the greatest offset of each construct measured around two millimetres, but was unlikely to have ever exceeded 0.5cm. Since our testing, Ahmad et al. have found that in a diaphyseal gap model, no difference could be appreciated between constructs stabilized with 4.5 LCPs or 4.5 DCPs when subjected to static and cyclic axial compression and torsional testing provided that the offset was not greater than two millimetres, and that structural stability of these constructs suffered significantly at an offset of five millimetres. 38 A limitation of our study then is the uncertainty regarding the amount of offset under each screw hole or total amount of offset. Though this could be quantified in subsequent studies, the effect of offset on a curved or contoured plate has yet to be investigated.
As a result of the results of our dynamic testing, we suggest contouring all locking plates so as to eliminate any offset. Though it is known that compression of the periosteum causes early temporary porosity that can lead to increased rates of infection, the minimal amount of periosteal pressure that will result in significant vascular impairment is unknown. Ideally, the biological benefits of locking plates would not be diminished by compression-free contact with bone that would occur after appropriate contouring.
Decreased screw purchase
Though the design of the combination hole of LCPs is such that deformation should occur first through the compression portion of the hole (and not the threaded portion), 8 concerns that contouring could deform the threaded portion of the plate leant additional support to the decision not to contour the plates to anatomically conform along the longitudinal axis of the distal humeri. 39 Without having contoured a twist into the locking plates in this study, the second most distal screw in 95% of our constructs did not reach the trans metaphyseal cortex and only engaged the medial epicondylar crest, albeit both cortices of this crest. Please see Figure 7 . Unlike screws in the LC-DCP constructs that could be angled up to 14 degrees in the transverse and 80 degrees in the longitudinal planes, locking screws can only be placed perpendicular through the plate, or no more than five degrees from the perpendicular, to avoid cross-threading and a significant reduction in construct stability. 32, 34 This inability of the surgeon to alter the angle of the screw within the hole and still achieve a locked screw is a common complaint of current locking plate design. 12, 26, [39] [40] [41] Comparative stiffness during cyclic testing was likely adversely affected because of this, but the contribution from decreased bone purchase, particularly significant in the metaphysis where the cortices are thinner and less dense 12, 39 , or from purchase on only one side of the bone's neutral axis is difficult to ascertain. If possible, plate adaptation to allow increased screw purchase should be attempted.
Possible incomplete seating
Insufficient plate adaptation may not have been the only major cause of the decreased stiffness exhibited by the locking constructs during cyclic testing; in at least two but possibly up to seven of these constructs (three in compression and four in torsion), at least one screw in each plate did not appear to be seated fully and had some portion of a thread visible above the plate, despite being seated and double checked with the use of the torque limiter as per manufacturer's recommendations. Please see Figure   9 . Incomplete screw seating could occur if during screw insertion, greater than 1.5Nm of resistance was encountered prior to the complete engagement of all threads on the screw head; the torque limit of 1.5Nm is the manufacturer's recommended limit for 3.5mm
screws and has been set to avoid cold welding and the subsequent difficulties encountered in ex-plantation in human patients. 3, 23, 34 This resistance could occur if debris clogged the cutting flutes of the self-tapping screws, if the screw, under power, taps a hole divergent from the aligned, pre-drilled one, or if the drill guide is inadvertently misthreaded. Despite our diligence in keeping the taps clean between specimens and our attention to detail when powering the screws or threading the guides, the above situations may still have occurred and are a reported complication with locking plates. 42 An incompletely seated locking screw will either not effectively lock and create angular stability or will be at increased risk of loosening and losing axial and angular stability.
This is especially true with the LCP system as the conically shaped locking head only creates a locked interface when the largest diameter threads on the screw head, in other words the last screw head threads to interdigitate with the plate threads, fully engage the 
E: Conclusions
In conclusion, it is important to note this study should not be interpreted as a condemnation of locking technology or LCPs; the biomechanical data reported is likely more a reflection of incorrect application or possibly use in incorrect applications than of actual implant inferiority. These plates were developed in response to the paradigm shift from rigid to appropriately flexible fixation characteristic of biological osteosynthesis.
The new emphasis on vascular preservation and minimally invasive methods required an implant with inherent stability that had previously been achieved by bone-implant compression. The fixed angle interface provided this stability. Locking technology then
was not designed to be more stable than conventional plates. Instead, it was designed to incorporate and be used with the principles of biological osteosynthesis to promote healing and to address the risk of infection that was partially attributable to the periosteal vascular impairment seen with compression plates. Tepic and others reported success in this when they showed unequivocally early, solid healing and increased resistance to infection with the use of the PC-Fix, an early generation locking plate on which the LCP was modelled. 2, 27, 28 As angle stable fixation evolved alongside methods of biological osteosynthesis, additional benefits of locking technology began to be realized. The human literature filled with reports of clinical successes, and the veterinary literature is beginning to follow suite. [24] [25] [26] .
It is left to orthopaedists to exploit the benefits of this new technology but to avoid the temptation to overestimate its benefits and uses. We are not the first to admit that deficiencies in biomechanical testing or in clinical results, borne from such overestimation of locking technology, are more likely from improper technique or use than any actual deficiency in the implant itself. 3, [43] [44] [45] We conclude from our static compression testing that the use of 3.5 LCPs in severely comminuted, distal humeral, fractures may be indicated. Furthermore, we suggest that LCPs should only be used in these types of fractures if screw tightness is governed by visual evaluation and if these plates are appropriately contoured. The LCP will be a useful addition to the orthopaedists armamentarium but, like everything else, only when correctly applied in the appropriate circumstance. 
